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Objectives

This research contributes to the understanding of macro- and micro-
failure mechanisms in woven fabric polyimide matrix posites based on
medmn nd high modulus graphite fibers tested under biaxial, shear

d stress diti over a temperature range of -50°C to 315°C.
The goal of this research is also to provide a testing methodology for
determining residual stress distributions in unidirectional, cross/ply and
fabric graphite/polyimide composites using the concept of embedded
metallic inclusions and X-ray diffraction (XRD) measurements.

State-of-the—art

There is no reliable test method for the 1 of the mechanical
behavior of woven graphite/polyimide i bjected to in-pk
bisxial shear dominated loads at low and elevated lempenturu In
particular, the effect of residual thermal stresses on the failure process of
the composites under biaxial shear dominated loads has not yet been
established.

« Approach

Shear (losipescu) and biaxial (+45° off axis) tests are being performed on

woven graphite/polyimide composites with

and high dul

graphite fibers with PMR-15 and PMR-II-50 resins. The mechanical
posites is being numerically predicted. Macro- and
are being i igated both
experimentally and numerically. Particular attention is being given to the
evaluation of residual thermal stresses in the composites and their
influence on the failure process as a function of temperature as well a3

resp of the ¢
micro-failure hani in the

physical and chemical aging.

* Systems

There is a strong need to understand the shear strength properties of
graphite/poly posites based on high modulus graphite fibers for
space applluhons Space systems will benefit from this research (according

to NASA).

Background Information (Past History)

The effect of either mvphne sbear or biaxial shear dominated loads on the failure
process of woven graph ites based on medium and high
modulus graphite fibers wuﬂl PMR-15 lnd PMR-11-50 resins at room and
elevated temperatures has not been investigated in the past. in particular, no
comparative studies of the 245° off axis and losipescu tests as applied to woven
composites have been performed. In this project, both of the tests were
numerically evalusted by performing fully non-linear finite element
computations (for the first time). Subsequently, the shear strengths of an SHS
graphite/PMR-15 composite were determined at room and 315°C temperatures.

Pndedci-ndBlrrutsh-wedilﬂlem'lﬂutilwupmiblemmx-ny
diffraction methods to measure the state of strain in varieus metallic inclusions
embedded in the polymer matrix of a graplmelqnxy co-pmne lynell.
However, they could not extract the actual resi n the
from the XRD measurements. l-‘orﬂneﬁmnme,thuwuuuw&dledmﬂu
project by performing numerous XRD tests on unidirectional and woven
graphite/PMR-15 composites with either embedded aluminum or silver particles.
The experimental data were numerically venﬁed by perferming visco-elastic
computations using the Eshelby method for muitip Jusions and plate theory.
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+45° and losipescu Tests (FEM)
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numerically.
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:t45° and 1031pescu Tests (FEM)
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Normal and shear stress components Normal and shear stress components
along the notch root axis of the versus shear strain at the centers of
losipescu specimen the losipescu and 145° off axis
specimens

The finite element collqmtlnons of the +45" off-axis and losipescu tests were fully

non-linear with the ical, and boundary contact L
considered. It was shown that the stress distributions i the two tpecimens were

entirely different. In the gage sections of the woven losipescu specimens, the stress

fields are esentially pure shear whereas the +45° test generated biaxial
tension/tension and shear stress fields.

+45° and losipescu Tests (Experimental)
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Shear stress va displacement curves Shear stress v displacement curves from
from the Losipescu tests performed at the +45° tests performed on 25.4 mm wide
room and 315°C temperatures. specimens at 315°C and at room

temperature.




+45° and losipescu Tests (Initiation of
Damage using Acoustic Emission)

t

Lasd and AE va. displacement curves for the
BHS graphite/PMR-1S system ¢ KT from the
lomipency and +45% off wis tets 235 tomsile teut.

Shear strem va. displacrmont and the Alered and
walilered AE signats ve. displacement for 2 127 mm wide

The initiation of interlaminar damage was momtored by amustlc emission both

at room and high temperatures. Unique locali } were employed
to avoid signals generated outside the gage sections of the specnmens in the
tests performed at RT. At high p the locali hniques could
not be used.

Comparison between the losipescu and +45° tests

It has beem shown in this rescarch that the critical loads for the imitiation of
istralaminar damage in an BHS woven graphite/PMR-15 compesitc tested at reom
tempersture and at 315°C are siguificantly lower from the 45° off axis (béaxial)
m&urmumm(uu)mmmmumeu-m-
room and clevated . from the it loads, are aise
lower in the £45° off axis tests in comparisea with the Iosipescy test data. Thereisa
strong specimen width effect in the $45° off axis praphite/PMR-15 specimens both
at room and at 315°C. It appears that the weakest failore mode is in-piane biaxial
failure under tensile stresses along the warp and fill tows in addition te shear.

Shear Stresses at the Shesr Stresses st
Ouset of Intralsssinnr | Maximwum Loads [MPa}

[ROSra—

Test 245 | losipescu 248 Tosipescu

ot RT 566120 | 948%13 | 820+4.15 | 1858426

®315°C | 373482 599412 | SA8+46.0 | 71842
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Sheat stresnes sl the anart of intrubtmiear demage (determincd by AE) and
24 the mazimum louds from the 245" off-aziz and lonipescn touts ot roves and
31X semperutures (BHS praphitePMR-15).

Specimen widih elloct in the #45° off-oxie
THE praphitaPMR-1S specimens o1 ream
and 315°C temperuiures.

Strain Measurements

Shear stress vs. shear strain diagrams from the
145° and losipescu tests at room temperature

Temperature | Experi 1 [GPa) | Ni ical [GPa}
RT 554 5.24*
315°C 0.61 and 0.34 3.35%

* after 30 sec which corresponds to 6 MPa at | mm/mi

Experimental and numerical shear moduli at room and 315°C
temperatures from the +45° tests.

Strain Gage “Effect”

Plate # | Specimen | #0of Gages | Specimen | Thickness| Onsetof | Max. Stress
# Width (mm) | (mm) | AE(MPa) | (MPa)
B 4 0 2543 5.41 399 458
A 7 0 2540 538 330 46.9
A 6 1 2545 542 233 36.3
A 5 I 25.65 542 212 374
*) 7 2 2544 5.40 171 313
A 4 2 2545 546 110 267
B 1 2 2537 5.32 133 18.7

Shear stresses at the significant onset of AE and at the maximum loads
from the +45° tests performed at 315°C with and without strain gages.




Visco-elastic Calculations of Residual Stresses

To understand the effect of biaxial shear
dominated loads on the failure process, two-
and three dimemsiomal visco-clastic finite
element computations of residual thermal
stresses in the 8HS graphite/PMR-15 system
have been initisted. Particular atteation is
being given to the determination of the effect
of residual thermal stresses and biaxial loads
on the initiation of transverse cracks in the
warp and fil) tows of the composite.

Residual transverse mrewes in the fifl tows

Three dimensional model of 8HS unit cell

To understand the effect of biaxial and shear
dominated loads, a 3D model of the unit cell
was built. The magnitude of residual meso-
stresses in the warp and fill tows and the
stresses caused by purely mechanical shear and
biaxial loads were numerically determined.

External Loads o1t o2 a33 o2
[MPa] | [MPa] | [MPa) | [MPa]
Residual Only 62 -119 ] -2
Residual and Iosipescu 64 97 19 111
FEM model p ers: Residusi sud £45° 7 ) 18 I3
. . . . Employing the Tsai-Hill failure criterion, the
. lati : thermo-visco-
cl:;‘::‘ coooltl‘nzpe rmo-Vis transverse and shear strengths of the tows with a
high volume fraction of fibers (72%) were
= periodic boundary conditions estimated.
* 5427 nodes, 26248 elements Indirect Estimation of Tow Strength
« element type: & Tramsverse (MPa] | Shear [MPa]
60 { 174

Examples of Tow Cracking During
Manufacturing

M60J Fibers with PMR-II-50 Resin
EES-13

M40J Fibers with PMR-II-50 Resin

EES-29
Composite systems investigated so far:

1. 8HS T650/PMR-15 (no tow cracks after manufacturing, tow cracks observed only after
mechanical testing at RT and 315C)

2. 4HS M40J/PMR-II-50 (few cracks observed after manufacturing)

3. 4HS M60J/PMR-II-50 (multiple cracks observed after manufacturing)

Effects of Stiffness Properties and CTEs
of Fibers on Residual Meso-Stresses

Residual thermal meso- and micro-stresses depend significantly on the stiffness
properties of graphite fibers and their CTEs.

fiber properties transverse
atphai E11 £22 residual stress
{10~6/K]  [GPa] [GPa} [MPa]
05 241 20 62.1
05 241 40 722
083 377 20 625
-1.1 588 20 699
05 588 20 68.3
05 377 20 65.8
05 482 40 79.2

Residual meso-stresses as a function of fiber stiffness and CTE




X-ray diffraction tests

«  Major advances have siso been made recently in this preject in the development of
am i L i for the ination of i i

residual stresses in woven graphite/peiymer composites based on X-ray diffractiea
measurements of residual strains in cmbedded metallic inclusions. The residual
thermal stresscs between umidirectional and woves SHS graphite PMR-1S5 plies
have been incd both i and as a function of the
masufacturing precess.

Enbadded Al imchasiems between woven
SHIS plies im the graphideP MR- 1S rysiem.

Alumisum (spherical), silver (irregular) and
miobium (irregular) inclusions were used. The
best results were obtained using the alamivum
inclusions both in the casc of the unidirectionat
and woves systems.

X-ray diffraction tests
Numcroas XRD messuremcnts were
made to determine residusl straius
and stresses in embedded Al aed Ag

b e ooy i Xray four point bend texts
function of temperature, time and
composite architecture have beem
The

determined residus! stresses in the X-ruy with Exhelby Plate thoory
composites  were  subsequently an axn am o on B
comparsd 0 the reddusl stresses sl | iMPal | Pl | IMPa) | i | Pl
™ m‘ " mtxz‘ of Lincar TATE1T | TLAx1T | IET 216 s U °
the Mnesr dastic apd visco-clastic |2
Eshelty modes for multipe Visco | 673217 | 676216 | 200216 | 631 &1 [

imclusions. The effect of | _tlastic
external oads om the
residual strains and stresses in the streumes i the WS s fresm XRD
embedded  partides  wama  alw smcemarrments and tie Exhaily ol for muitipie mcusan: 5s wall e frem

cxperimentally  and  mwmerically

laminated plate theory with lmear-clastic and vinca-elastic smumptious.
imvestigated.

Residual stresses from the X-ray diffraction tests

C between the i residual stresses in the
u--dlmtmnl and woven (BHS) graphitc/PMR-15 composites.

Exchuding bending Tnchuding beading

o, L a ° Oy o Valume

el | rey | e | e | el | ey ocem
inchusiens

Unidiroctiamal | $3.5:9 | 3946+ 8 | 2818 | 3516 | 405+5 | 26614 | 40:7%

Gifweven (67317 | 676106 23216 [ @23c 0 [ 617em [ 2767 | a6

The itudes of the interl residual stresses the fibers (o,
unidirectional) and along the tows (0, = G,,, 8HS) in both the graphite/PMR-15
systems are high. Especially, the large tensile stresses along the tows (62.3 + 8 MPa)
might create cracking of the polyimide layers in service since they are only slightly
lower than the tensile stfmgth of!he PMR 15 rsm, which is q;proxlmnely 80 MPL
They might be even h@\u in grapht i
large temperature variations in-service.

fpoly p d o

New Dilatometer

Netzsch Dil 402 C
Temperature Range —180C to 500C
Resolution 1.25nm/digit
Displacement Range 5000um
Thermostatic Controlled Transducer
Atmospheric Control




Through-thickness CTEs for 8HS T650/PMR-15, 4HS M40J/PMR-II-50,
4HS M60J/PMR-1I-50 and neat PMR-15 and PMR-II-50

Companson of CTE for Neat PMR-13 {Bik ). Out of Plane PMR- 157850 (Red)
Ot of Plane PMRA-5/MAG (Green), and Out of Piane PUR 3-SMI0 (Bhe)

Naat PMR41-50 Brown)
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In-Plane CTEs for 8HS T650/PMR-15, 4HS M40J/PMR-11-50, 4HS
M60J/PMR-11-50 and neat PMR-15 and PMR-11-50

Comparison of CTE for In Plane PMR-15/T850 (BIK), PIMR-H-50/M40 (Red),
and PIR-H-S0MS0) (Bhue)
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Short Term Aging Effects in PMR-15

Change in Langth of PMR-15 During 12 hr. isothermal Hold

el LA (%)

.

Major Conclusions/Biaxial Testing

Three-di ional fully non-li finite el t putations have shown
that the +45° off-axis test does not generate a pure shear stress field in the
specimen gage section. Instead, a biaxial stress field is present consisting of
tension along the warp and fill tows in addition to shear. In the gage section
of the woven losipescu specimens the stress field is almost pure shear .

The mechanical data clearly showed that the +45° off-axis tests are
significantly affected by the specimen width effect not only at room
temperature but also at elevated temperatures.

The onset of intralaminar damage and the shear strength of the composite
determined at the maximum loads are very strongly dependent on the type of
test. The biaxial tension/shear stress fields in the gage sections of the +45°
off-axis specimens resulted in much lower estimates of the critical loads for
the initiation of intralami damage and the composite strength in
comparison with the Iosipescu test data. It appears that the lowest mode of
failure of the composite at room temperature and at 315°C is the combined
effect of tension along the warp and fill tows in addition to shear.




Major Conclusions/Residual Stress Analysis

lthnsbemshwnmthlsrsurd:ﬂmﬂ;emamalmdulmmhmmmm
be determined in unidirectional and woven 8HS graphite/PMR 15 composites using
ﬂ:emeﬂ:o&;bybasedmﬂxeXRDmtsofmu&nlsﬂmsmwbeddﬂd
metallic inclusions. The stresses are three dimensional in nature with significant

stresses present between the plies in the thick di of the
There is a good agreement between the thermal residual stresses in the dmcuons of
the tows determined from the XRD in with of

the visco-elastic Eshelby model for multiple inclusions, with the stresses from the
visco-elastic plate theory. Only the stresses through the thickness are entirely
different.

The scatter in the XRD domi cmsedbydnenm-mufotm
distribution of the particles and the non—umform dlmbunon of residual stresses in
the composites.

The accuracy of the entire analysis of the residual stresses is very strongly dependent
on the physical properties of the investigated composite system. The temperature and
time dependent physical properties of the composites and inclusions must be known
for the accurate determination of the residual stresses either from laminate theory or
from the XRD measurements of residual strains in the inclusions in conjunction with
the Eshelby model.

There is a strong effect of inclusion shape on the measured X-ray strains and stresses.
in particular, the irregular siiver inclusions significantly overestimated the residual
stresses in the composites.

Current and Future Research Activities

o The newly developed combined numerical and experimental

hodology for the determination of the shear properties of woven

graphite/polyimide composites (verified so far only on graphite/PMR-

15 systems) is being used for other types of woven composites such as

4HS graphite (M40J and M60JYPMR-II-50 systems. The losipescu

and +45° off axis tests are being performed at room and elevated
temperatures supported by finite element computations.

* Interlami idual in the idirectional and woven
graphite/PMR-15 systems are being measured by XRD as a function of
physical and chemical aging. New types of inclusions are also being
evaluated (no oxidation, better inclusion distributions).

* Residual thermal stresses in the 4HS M40] and M60J fibers with
PMR-I]-50 will be measured and calculated. The effect of the stresses
on the failure process in the composites subjected to in-plane shear and
biaxial loads as a function of temperature as well as physical and
chemical aging will be determined.




